Abstract. B-cell translocation gene 2 (BTG2) is a tumor suppressor gene, which belongs to the anti-proliferation gene family. Our previous study demonstrated that microRNA (miR)-21 and the expression of BTG2 were negatively correlated during hepatocarcinogenesis. The aim of the present study was to investigate the effects of miR-21 on the growth and progression of liver cancer cells, and to determine the underlying mechanism. A luciferase reporter assay was used to demonstrate that the BTG2 gene was a direct target of miR-21. In addition, the effects of miR-21 on cell growth and gene expression in HepG2 human hepatocellular carcinoma (HCC) cells were analyzed using reverse transcription-quantitative polymerase chain reaction, western blotting, an MTT assay, flow cytometry, a Transwell invasion assay and a wound healing assay. The expression levels of miR-21 in the HepG2 cells were significantly higher, compared with those in L02 normal liver cells. The expression levels of BTG2 in liver cancer cell lines (HepG2 and Huh7) were significantly lower, compared with that in the L02 cells. These results suggested that BTG2 was the direct target gene of miR-21. The protein expression levels of BTG2 were inhibited by high expression levels of miR-21, and increased by inhibition of the expression of miR-21 in the HepG2 cells. Inhibition of miR-21 reduced cell proliferation and invasion, and increased the rate of apoptosis in the HepG2 cells. These results indicated that miR-21 regulates cell proliferation, invasion, migration and apoptosis in HepG2 cells, which may be associated with its effects on the expression of BTG2. The results of the present study may provide a basis for targeting the miR-21/BTG2 interaction for the treatment of HCC.
Introduction
Hepatocellular carcinoma (HCC) is the most common type of liver cancer, which accounts for ~85-90% of all types of primary liver cancer, and is one of the most life-threatening forms of cancer (1) . Despite marked progress in the treatment of HCC, the survival rate remains poor and the molecular pathogenesis of HCC remains to be fully elucidated. The development and progression of HCC is a complex process, which involves the dysregulation of oncogenes and tumor suppressor genes. It has previously been reported that microRNAs (miRNAs) are essential in oncogenesis by the regulation of oncogenes and tumor suppressor genes (2) (3) (4) . Previous studies have reported a link between the aberrant expression of miRNAs and malignant tumor development, including HCC (5) (6) (7) (8) , increasing understanding of the underlying molecular mechanisms and novel therapeutic targets of HCC.
miRNAs are widely distributed, non-coding, small RNAs, which regulate target gene expression through binding to the 3'-untranslated regions (3'UTRs) of target mRNAs at the translational level (9) . It has previously been reported that ≤30% of human genes are regulated by miRNAs (10) . miRNAs have been suggested to be biomarkers for HCC diagnosis (11) . Among those miRNAs, miR-21 was one of the first to be discovered, and is considered one of the most important miRNAs, which is overexpressed in various types of carcinomas, including prostate, gastric, colon, breast and lung cancer (12) (13) (14) (15) (16) (17) . As a biomarker, miR-21 has a higher sensitivity, compared with carcinoembryonic antigen and cancer antigen 15-3 in the diagnosis of breast cancer (18, 19) . In colorectal cancer, miR-21 has been suggested as a potential biomarker for diagnosis and as a target for therapy (20) and radiotherapy (21) . In addition, miR-21 has been observed to stimulate gastric cancer growth and invasion through the inhibition of phosphatase and tensin homolog (PTEN) and programmed cell death protein 4 (PDCD4) (22) . The inhibition of miR-21 decreases the proliferation and invasion of lung cancer cells by increasing the expression of PTEN (17) , indicating that PTEN is a direct target gene of miR- 21. Previous studies have demonstrated that B-cell translocation gene 2 (BTG2) is regulated by miR-21 in laryngeal cancer and prostate cancer cells (13, 23 (24) . BTG2 is expressed in the majority of normal tissues, with high levels being detected in the lungs, kidneys, intestines, pancreas, and prostate (25) . BTG2 is an instantaneous early response protein, which is involved in cell differentiation, anti-proliferation, DNA damage repair and cell apoptosis (26) (27) (28) (29) . In addition, our previous study demonstrated that p53 positively regulates BTG2 and negatively regulates cyclin D1 and cyclin E, indicating a critical role in hepatocarcinogenesis (30, 31) . The expression of BTG2 is reduced or absent in various types of cancer, including melanoma, breast, gastric and lung cancers (26, (32) (33) (34) . It has also been suggested that BTG2 is regulated by miR-21 in laryngeal and prostate cancer cells (13, 23, 34) However, whether low expression levels of BTG2 are associated with high expression levels of miRNA-21 in liver cancer cells remains to be elucidated. The aim of the present study was to investigate the mechanism by which BTG2 is regulated by miR-21, and determine the role of miR-21 in the growth and progression of HCC. (3. 75 µl) was mixed with diluted miR-21 inhibitor or NC (150 nmol/l), and incubated at room temperature for 20 min with gentle agitation. The mixture was then added to the HepG2 cell culture plates (60% confluent), and incubated at 37˚C in an atmosphere containing 5% CO 2 . Following a 6 h incubation, the medium was replaced with fresh medium, supplemented with 10% FBS, and the cells were cultured for a further 48 h prior to performing the subsequent experiments.
Materials and methods

Cell
Luciferase-reporter assay. Target genes of miR-21 were predicted by PicTar (http://pictar.mdc-berlin.de/cgi-bin/PicTar_verte-brate.cgi) and Targetscan (http://www.targetscan.org/). The HepG2 cells (Changsha-run Win Biotechnology, Inc., Hunan, China) were co-transfected with a pYr-MirTarget-BTG2-3U plasmid (0.8 µg; Changsha-run Win Biotechnology, Inc.) and either the miRNA NC (75 nmol/l), miR-21 mimics (75 nmol/l; sequence, 5'-UAGCUUAUCAGACUGAUGUUGAAAC AUCAGUCUGAUAAGCUAUU-3'; Shanghai GenePharma Co., Ltd.) or miR-21 inhibitor (150 nmol/l; Shanghai GenePharma Co., Ltd.). In addition, HepG2 cells were transfected with miR-21 mimiwcs and pYr-Mir Target plasmid, pYr-Mir Target-BTG2-3U plasmid, or pYr-Mir Target-BTG2-3U-Delete site plasmid (Changsha-run Win Biotechnology, Inc.). Transfection was performed using Lipofectamine ® 2000, on 60% confluent cells seeded in 24-well plates, at 37˚C for 48 h. At 24 h post-transfection, the activities of firefly and Renilla luciferase were measured using a Dual-Luciferase Reporter assay (Promega Corporation, Madison, WI, USA). The activity of Renilla luciferase for each sample was normalized to that of firefly luciferase. Each experiment was repeated twice and assessed in triplicate.
Western blotting. The cells were lysed and the total protein was extracted using radioimmunoprecipitation (RIPA) buffer, containing 150 mM NaC1, 25 mM Tris-HCl (pH 7.6), 1% sodium deoxycholate, 0.1% SDS and 1% NP-40 (Thermo Fisher Scientific, Inc., Rockford, IL, USA). Protease inhibitor (cat. no. 78410; Thermo Fisher Scientific, Inc.) was added to the RIPA buffer prior to use. Total protein concentrations were quantified using the Bicinchoninic Acid Protein Assay kit (Beyotime Institute of Biotechnology, Shanghai. China). Samples with equal quantities of total protein (100 µg) were fractionated by 12% SDS-PAGE and transferred onto nitrocellulose membranes (Bio-Rad Laboratories, Inc., Hercules, CA, USA). The expression levels of BTG2 were probed using primary monoclonal mouse anti-human BTG2 (1:500; cat. no. ab58219; Abcam, Cambridge, MA, USA), and the internal control β-actin was detected using primary monoclonal mouse anti-human β-actin (1:1,000; cat. no. sc-47778; Santa Cruz Biotechnology, Inc., Dallas, TX, USA). The secondary antibody used was goat anti-mouse IgG (H+L), HRP conjugate (1:5,000; cat. no. 31430; Thermofisher Technology Co., Ltd, Shanghai, China). The signals of the bands were visualized using an enhanced chemiluminescence method (Thermo Fisher Scientific, Inc.). Protein expression levels were quantified using a Gel Documentation system (Gel Doc™ EQ; cat. no. 170-8060; Bio-Rad Laboratories, Inc.).
RNA extraction and reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
Total RNA was extracted from the cells using TRIzol ® reagent (Invitrogen Life Technologies), according to the manufacturer's instructions. Reverse transcription was conducted using RevertAid Reverse Transcriptase (Shanghai GenePharma Co., Ltd). Quantification of mature miRNAs was performed using a Quantitect SYBR Green PCR kit (Changsha-run Win Biotechnology, Inc.) and a 7500 Multiplex Quantitative PCR system (Applied Biosystems Life Technologies, Foster City, CA, USA), according to the manufacturer's instructions. The PCR reaction mix consisted of: 5 µl 2X PCR Master mix, 0.3 µl forward primer (10 µM), 0.3 µl reverse primer (10 µM), 2 µl cDNA, and 2.4 µl H 2 O. The PCR cycling conditions were as follows: 95˚C for 5 min, followed by 42 cycles at 95˚C for 30 sec, 59˚C for 30 sec and 72˚C for 20 sec, and 95˚C for 10 sec. The U6 gene was used as an internal control and each reaction was performed in triplicate. The primer (Shanghai GenePharma Co., Ltd) sequences were as follows: miR-21, forward 5'-GCGGCGTAGCTTATCAGACTGA-3', reverse 5'-GTGCAGGGTCCGAGGT-3'; and U6, forward 5'-CTC GCTTCGGCAGCACA-3', and reverse 5'-AACGCTTC ACGAATTTGCGT-3'. The fold-change of miR-21 expression in HepG2 cells was compared with that in the L02 normal liver cells using the 2 −ΔΔCT method (35) .
Measurement of cell proliferation. An MTT assay was used to detect cell proliferation. Briefly, the cells were made into a single cell suspension using DMEM, supplemented with 10% FBS, and seeded into 96-well plates at a density of 1x10 4 cells in 200 µl/well. The cells were then cultured for 24 h at 37˚C, to allow them to adhere to the plate. Subsequently, 20 µl MTT solution (5 mg/ml; Beyotime Institute of Biotechnology) was added to each well and incubated for 4 h at 37˚C. The culture medium was then discarded, and 150 µl DMSO (Sigma-Aldrich, St. Louis, MO, USA) was added to each well, and the plates were agitated for 15 min in order to let the crystalized precipitates fully dissolved. The optical density values were measured at 490 nm using an ELISA monitor (Multiskan MK3; Thermo Fisher Scientific). Each experimental group contained nine replicate wells, and the experiment was performed in triplicate.
Detection of cell migration using a scratch wound assay.
Once the cells had reached 70~80% confluence, a wound (1-1.5 mm wide) was made using a sterile tip. The wells were gently washed three times with PBS. The cells were subsequently cultured in serum-free DMEM at 37˚C. At 0, 24, 30 and 48 h post-wounding, the distance of the scratch between the cells was evaluated under an Olympus inverted microscope (CKX41; Olympus Corporation, Tokyo, Japan).
Measurement of cell invasion using a Transwell invasion assay.
A Transwell invasion assay was used to detect the invasive ability of the treated HepG2 cells and control cells. The cells (1x10 5 cells suspended in 300 µl serum-free DMEM) were seeded onto the upper chamber of a Transwell invasion system (Changsha-run Win Biotechnology, Inc.), and 500 µl DMEM supplemented with 10% FBS was added to the lower chamber. The chamber was then incubated at 37˚C in a humidified incubator containing 5% CO 2 for 24 h. The cells on the upper surface of the base membrane were removed using a sterile cotton ball. The cells, which had invaded to the lower surface of the base membrane were stained with 1% crystal violet (Changsha-run Win Biotechnology, Inc.). The cells that had successfully crossed the Transwell polycarbonate membrane were counted under an Olympus inverted microscope (Olympus Corporation). A total of of five fields were randomly selected for the calculation of each sample, and the experiment was repeated at least three times. The invasive ability of the cells was determined by the number of cells that crossed the Transwell polycarbonate membrane.
Analysis of cell cycle distribution.
Once the cells had reached 70~80% confluence, the medium was replaced with serum-free medium. The cells were cultured for 48 h, in order to reach synchronization. The treated cells were then digested, fixed with anhydrous alcohol overnight and stained with propidium 
Analysis of apoptosis. The HepG2 cells (1-5x10
5 ) were harvested and gently re-suspended in 500 µl binding buffer (Nanjing KeyGEN Biotech. Co., Ltd., Nanjing, China), to which 5 µl annexin V-allophycocyaninand 5 µl 7-aminoactinomycin D (Nanjing KeyGEN Biotech. Co., Ltd.) were added. The cells were maintained at room temperature for 15 min in the dark and then analyzed using flow cytometry (BD Biosciences). Each experiment was performed in triplicate.
Statistical analysis. All data were obtained from at least three independent experiments and are presented as the mean ± standard deviation. SPSS 20.0 statistical analysis software (IBM SPSS, Armonk, NY, USA) was used for data analysis. Student's t test was used to compare data between two groups. P<0.05 was considered to indicate a statistically significant difference.
Results
Expression levels of BTG2 and miR-21 in HCC cells.
The expression levels of BTG2 were significantly lower in the Huh-7 and HepG2 HCC cells, compared with in the L02 normal human liver cell line (Fig. 1) . Among the cancer cell lines, the expression levels of BTG2 were lowest in the HepG2 cells. The expression levels of miR-21 were significantly higher in the HepG2 cells, compared with in the L02 cells (Fig. 2) . 
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Effects of miR-21 inhibition on the apoptosis of HepG2 cells.
The number of apoptotic cells in the miR-21 inhibitor-transfected group was significantly higher, compared with number in the NC-transfected group (P<0.05; Fig. 6 ). These results suggested that miR-21 may prevent apoptosis in HepG2 cells.
BTG2 as a direct target gene of miR-21 in HepG2 cells.
According to publicly available databases, including TargetScan and PicTar (36, 37) , the BTG2 gene is a predicted target gene of miR-21. As shown in Fig. 7A , inhibition of the expression of miR-21 promoted the protein expression of BTG2 in HepG2 cells, compared with the NC-transfected cells. In the luciferase reporter assay, the signal in the HepG2 cells, which were co-transfected with the BTG2-3'-UTR plasmid and miR-21 mimic was significantly decreased, whereas the luciferase signal was increased in the cells co-transfected with the BTG2-3'-UTR plasmid and miR-21 inhibitor (Fig. 7B and C) . Following deletion of the predicted binding site of the BTG2 3'UTR, theHepG2 cells were co-transfected with miR-21 mimics and pYr-MirTarget plasmid, pYr-MirTarget-BTG2-3U plasmid, or pYr-MirTarget-BTG2-3U-Delete site plasmid. As shown in Fig. 7D , the luciferase activities were significantly enhanced following deletion of the predicted binding site, compared with the wild-type group, suggesting that BTG2 is a direct target gene of miR-21.
Discussion
As a novel class of regulatory molecules, miRNAs are important in cancer development and progression. It has been reported that almost half of miRNAs are located in cancer-associated gene regions and vulnerable regions (38,39). The present study aimed to determine the roles of miRNAs in liver carcinogenesis. Our previous studies demonstrated that miR-224 is significantly upregulated in HepG2 cells, and is able to regulate cell migration and invasion via the homeobox D10/phosphorylated-PAK4/matrix metalloproteinase (MMP)-9 signaling pathway (40, 41) . In the present study, inhibition of miR-21 suppressed cell proliferation, induced G 2 /M phase arrest, inhibited cell migration and promoted apoptosis in the HepG2 cells.
miRNAs regulate cellular biological functions by affecting the expression of several target genes. It has previously been reported that miR-21 has various target genes, including PTEN, PDCD4 and tropomyosin 1 (22, 42) . BTG2 has also been suggested as a target gene of miR-21 in laryngeal and prostate cancer cells (13, 23) . In the present study, it was demonstrated that BTG2 was a target gene of miR-21. Firstly, the BTG2 gene was predicted to be a target gene of miR-21 following database searches, including TargetScan and PicTar, which indicated that the 3'UTR of BTG2 included a sequence matching the miR-21 seed region. Secondly, the protein expression levels of BTG2 were negatively correlated with the expression levels of miR-21 in the HepG2 cells. Thirdly, the overexpression of miR-21 decreased the luciferase activity in the HepG2 cells, whereas inhibition of miR-21 enhanced the luciferase signal. Finally, a deletion mutation in the BTG2 3'UTR affected the regulatory effects of miR-21.
It has been reported that overexpression of BTG2 inhibits the expression of several genes in lung cancer cells, including cyclin D1, MMP-1 and MMP-2 (26) . In addition, BTG2 suppresses the growth and proliferation of gastric cancer cells (34) . BTG2 promotes cell apoptosis and inhibits cancer cell invasion (29) , however, Wagener et al (27) reported that endogenous expression of BTG2 contributes to the migration of bladder cancer cells. The results of the present study demonstrated that the expression of BTG2 was downregulated in hepatocarcinoma cells, indicating that the loss of BTG2 may promote carcinogenesis. The overexpression of miR-21 may contribute to the downregulated expression of BTG2 in hepatocarcinoma, however, alternative molecular mechanisms cannot be ruled out.
BTG2 acts as a cell cycle regulatory molecule and is important in inducing G 1 /S arrest through downregulation of cyclin D1. The activation of BTG2 depends on p53 (24) . However, in the present study, suppression of the expression of miR-21 prevented cell cycle progression via inducing G 2 /M phase arrest, and no significant effect on G 1 phase was observed. It has previously been reported that BTG2 induces G 2 /M arrest and cell death by inhibiting cyclin B1-Cdc2 binding (24, 43) . Therefore, it was hypothesized that inhibition of cell proliferation and growth partly depend on BTG2-induced G 2 /M phase arrest, through inhibition of cyclin B1-Cdc2 binding. Further investigations are required to understand the underlying molecular mechanisms.
In conclusion, the results of the present study suggested that miR-21 may be important in the development and progression of hepatocarcinoma. In the present study, miR-21 was found to be overexpressed and BTG2 was found to to be downregulated in HepG2 liver cancer cells. Inhibition of miR-21 suppressed cell proliferation, migration and invasion, and promoted cell apoptosis. In addition, the inhibition of cell growth partly depended on BTG2-induced G 2 /M phase arrest through inhibition of cyclinB1-Cdc2 binding. BTG2 was a direct target gene of miR-21 in the liver cancer cells. These results suggested that understanding the miR-21/BTG2 pathway may elucidate a novel regulatory mechanism for liver tumorigenesis, and provide a novel diagnostic and therapeutic target for HCC in the future.
